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INTRODUCTION
The cyclization of citronellal to isopulegol is an important step in the production of menthol, which is worldwide one of the most important flavour chemicals. The overall demand for menthol is partly met by isolation from natural sources, but mainly by chemical synthesis. In 2010, 19300 tons of (-)-menthol were produced naturally or synthetically, making this product one of the largest volume chiral chemicals in the world [1] . Of the eight stereoisomers of menthol, only (-)-menthol possesses the characteristic peppermint odor and physiological cooling effect. Various synthesis procedures have been designed for the preparation of (-)-menthol [2] . Two processes, established by Takasago and BASF, have the cyclization of (+)-citronellal as an intermediate step. This reaction is usually conducted over a Lewis acid catalyst, and can lead to four diastereoisomers, namely isopulegol, iso-isopulegol, neo-isopulegol and neoiso-isopulegol (Scheme 1).
With Lewis acids, high selectivities may be obtained especially when using metal halogenides (selectivity of about 86 % at 110 °C and 93 % at 25 °C with ZnBr 2 as catalyst [3] ). With Brønsted acids the selectivity is significantly lower but still (-)-isopulegol is the most abundant product. The reaction is also sensitive to side reactions such as subsequent, cracking or dehydration [4] [5] [6] .
The more recent BASF process uses tris(2,6-diarylaryloxy)aluminum catalysts, especially the tris(2,6-diphenylphenoxy)aluminum complex [7] [8] [9] [10] (ATPH, see Scheme 2) which has a (-)-isopulegol selectivity of more than 99% [7] . Very recently, Itoh and Hori found that aryl binol ligands in combination with Al also form a selective catalyst for the citronellal cyclization [11] .
Scheme 1:
The acid catalyzed cyclization of (+)-citronellal (1) yields four different isopulegol isomers: Apart from these homogeneous catalysts, several solid acid materials have been explored [12, 13] .
(-)-isopulegol (2), (+)-neoisopulegol (3), (+)-isoisopulegol (4), and (+)-neoisoisopulegol (5).
Promising concepts have been explored using zeolites containing isolated and well-defined Lewis acid centers, such as Sn and Zr atoms [14, 15] . Recently, the spectrum of nanoporous materials has been further expanded to metal organic frameworks (MOFs). Those materials, consisting of both inorganic and organic moieties, have been applied in many different areas, ranging from gas storage, [16] [17] [18] [19] [20] [21] [22] gas separation, [23] [24] [25] [26] luminescent properties, [27] [28] [29] magnetical properties, [22, 30] etc. Also in the field of heterogeneous catalysis [16, 22, [31] [32] [33] [34] major progress has been made in initial experimental studies investigating the catalytic properties of MOFs. Some of the present authors investigated the cyclization of citronellal on Cu 3 BTC 2 [35] [BTC = benzene-1,3,5-tricarboxylate] and found selectivities for the desired product isopulegol of 65% up to 69% dependent on the solvent used. Cu 3 BTC 2 (hereafter abbreviated with Cu-BTC), has taken a prominent role within the field of MOF research for various applications, because of open Cu 2+ coordination sites in combination with a structure exhibiting both large and small cages ( Figure 1 ) [36] , [37] . Based on the pore size, this structure seems to allow diffusion of reactants and products, such as citronellal and isopulegol isomers in and out of the cages. Previous studies on the catalytic activity of Cu-BTC in various reactions have shown the hard Lewis acid behavior of the material [35, [38] [39] [40] [41] [42].
The principal goal of this paper is to study the industrially important citronellal cyclization [1, 43] on various catalysts, i.e. ZnBr 2 , ATPH and Cu-BTC, to achieve insight into the factors controlling the activity and selectivity for this diastereoselective reaction. Such insight is important to rationally design new heterogeneous catalysts for this important industrial process. A combined theoretical and experimental approach has been followed. Experimentally, the reaction rates and selectivities for the dominant isomer using different catalysts were determined in various temperature intervals. To obtain insight into the molecular factors controlling both activity and selectivity a thorough molecular modeling approach was conducted. The full reactive profile was calculated by means of first-principles calculations, including the adsorption and desorption steps. A theoretical selectivity model is set up that relies on the construction of a set of transition states. The combined approach followed here, is a step in the rational design of diastereoselective catalysts for the citronellal cyclization. As a proof of concept, the hypothetical Cu 3 (BTC-(NO 2 ) 3 ) 2 MOF structure is introduced, inspired by previous results on ligand effects on MOF catalysis [44] .
COMPUTATIONAL AND EXPERIMENTAL METHODS

Computational methods
All cluster calculations were performed with the Gaussian09 package [45] , while the periodic calculations were executed with the Vienna Ab Initio Simulation Package (VASP) [46] [47] [48] [49] . The more extended systems were modeled with the well-established ONIOM-scheme, in which a smaller part of the system is described at a higher level of theory and the rest at a lower level of theory. This multilayer method allows for a fast optimization of the geometries, which can be followed by an energy refinement at a higher level of theory.
Cluster calculations
Different conformations for the (+)-citronellal cyclization were tested on a Cu-paddlewheel active center of Cu-BTC. The optimization of the transition states is done on B3LYP/6-31+g(d) [50, 51] with the LANL2DZ pseudo potential and basis set for Cu [52] . As it is only important to distinguish between the transition states, the whole system was modeled with spin multiplicity 1 and no further energy refinement was performed. Nevertheless, D3 dispersion corrections [53] for the B3LYP functional were added.
For the homogeneous catalysts (ZnBr 2 , ATPH) different levels of theory were used both for the activity determination (Section 3.2) and for the selectivity determination (Section 3.3). Geometry optimizations were carried out at the B3LYP/6-311++g(3df,2p) level of theory for ZnBr 2 and at the ONIOM(M06-2X/6-31+g(d):M06-2X/3-21g) level of theory for ATPH. In the case of ATPH, the M06-2X hybrid functional [54, 55] is a good choice to accurately quantify the adsorbate-ligand interactions and ligand-ligand interactions because it is used especially for medium range non-covalent interactions. In this functional, double Hartree−Fock exchange is included to improve the description of non-covalent interactions [56, 57] . Furthermore, the double-zeta Pople basis set 6-311+g(d,p) was applied for subsequent energy refinements in case of ATPH. For the activity determination only the most stable transition state towards (-)-isopulegol was selected and for all catalysts optimized at a very similar level of theory to make comparison possible. In all cases Grimme dispersion corrections [53] were added afterwards to refine the energies, using the dftd3 program available from the authors' web site.
Extended cluster calculations (Cu-BTC and Cu-BTC-NO 2 )
The extended cluster (Cu 2 BTC 4 ) was cut from the optimized Cu-BTC unit cell after periodic extension in Zeobuilder [58] and saturated by hydrogen atoms. Analogously, the Cu 2 (BTC-NO 2 ) 4 cluster (hereafter abbreviated with Cu-BTC-NO 2 ) was constructed arbitrarily by substituting all hydrogen atoms on the phenyl groups of the extended cluster by NO 2 -groups. The applied level of theory was the same both for the activity and for the selectivity determination (Section 3.2 and 3.3 respectively) and the two systems were modeled at a maximum spin multiplicity of 3 (total spin = 1).
An ONIOM approach was then used to accurately describe the active site (Cu 2 (COO) 4 ) and the adsorbed citronellal on a high level of theory and the surrounding linkers at a lower level of theory ( Figure 2) . Within the high level, the double-zeta Pople basis set 6-31+G(d) was used for all high level atoms except for Cu, for which the LANL2DZ effective core potential and basis set were applied [52] .
For the sake of clarity, this combined basis will be abbreviated as BS1. The clusters were then optimized at the ONIOM(B3LYP/BS1:B3LYP/3-21g) level of theory, keeping the outer carboxylate oxygen atoms fixed. In a subsequent step, the energies were further refined by single-point calculations on the optimized structures at the B3LYP/6-311+g(d,p) level of theory. Furthermore, van der Waals corrections in conjunction with the B3LYP functional as developed by Grimme [59] are computed. For the extended cluster models, the D3-version [53] of the dispersion corrections was calculated. To account for the rigidity of this hypothetical framework, the low level oxygen atoms of the carboxyl groups were kept fixed preventing the deformation of the cluster. A similar procedure was also applied previously for the description of active sites within the Metal Organic Framework MIL-47 [60] . 
Periodic calculations
Periodic calculations were performed on the metal organic framework Cu-BTC. The transition states from the extended cluster calculations were taken as starting geometries to find the transition states in the periodic model. An optimized Cu-BTC unit-cell was obtained from Nachtigall et al. [61] and was reoptimized with periodic DFT-D2 calculations. For those simulations, the Brillouin zone was restricted to the Г-point. We employed the PBE exchange correlation functional [62, 63] and the projector augmented wave approximation (PAW) [64] together with a plane wave basis set (kinetic energy cutoff of 600 eV). The RMM-DIIS algorithm was chosen as optimizer to converge the atomic forces below 0.01 eV/Å. Furthermore, van der Waals corrections [65] for the PBE functional were used throughout the optimization, as implemented in the VASP 5. [66] have shown that this type of procedure is sufficient to obtain a well conditioned partial Hessian, which has only positive eigenmodes in case of a minimum and only one imaginary eigenmode in case of a transition state.
Normal mode analysis and thermochemistry
A normal mode analysis was carried out to verify the nature of the transitions states and local minima.
The PHVA method [45, 67, 68] was used for cluster and periodic models as implemented in the in-house developed post processing toolkit TAMkin [69] . TAMkin has already proved its efficiency in the computation of reaction kinetics [44, [70] [71] [72] . This program is used to investigate the kinetics and the activation barriers of the citronellal cyclization. Finally, the initial theoretical selectivity towards the isopulegol isomers could be determined.
Construction of the transition states on the catalyst
In each case, we optimized the four transition states to the different isopulegol diastereomers exhibiting a chair conformation during the C-C coupling. Additionally, we varied the adsorption possibilities of citronellal on the catalyst. Sometimes, the transition states, starting from different adsorption geometries, eventually result in the same transition state (e.g. transition state towards neoisopulegol 3 and neoiso-isopulegol 4 on ZnBr 2 , Table S.5 and Figure S. 3). In this case, only a single adsorption geometry was considered in the selectivity analysis.
Theoretical methods to determine the selectivity
The computational prediction of diastereoselectivities of metal catalyzed reactions is challenging, as it requires the calculation of small free energy differences between diastereomeric transition states [73] .
To do this in an accurate way, a full conformational search of the diastereomeric transition states is required. A complete sampling of the free energy surface in the vicinity of plausible transition states, can in principle be done using Monte Carlo or molecular dynamics methods. On the other hand it is also essential to take the full catalytic structure into account to model appropriately the molecular environment and therefore such methods are computationally not feasible with the current methods from first-principles. One could opt for reliable molecular mechanics methods but unfortunately the parameters for transition metals are not readily available [74] . In view of previous considerations, we performed static calculations on the full catalytic system, but generated a representative set of plausible transition states in a very systematic way for each catalyst. Thus our selectivity predictions are based on free energy differences between a large set of diastereomeric transition states. More detail on how we constructed this set for each catalyst is given in Section 2.1.5. Following this protocol, the selectivities towards the different isopulegol isomers can be calculated using the Curtin Hammett principle. Hereby, we assume that all reactant conformations are in thermodynamic equilibrium and that only the free energy differences between the transition states are important [75] . As such a measure for the relative selectivity towards a specific isomer is given by the ratio defined by the rate of formation of isomer relative to the total rate of formation:
Herein, is the apparent bimolecular rate coefficient (m 3 mol -1 s -1 ) for the cyclization reaction towards -pulegol with . The apparent kinetics differ from the intrinsic kinetics in that in the former the kinetic data are referred to the catalyst and the citronellal molecule in gas phase, while the intrinsic kinetic data are referred to the whole adsorbed complex. If we assume that each reaction leading to a specific isopulegol i starts from the same reactant complex, the relative selectivity may even be expressed in terms of the intrinsic and unimolecular rate coefficients the relative selectivity may also be written as:
Eqs. (1) and (2) are valid in the initial stages of the reaction, as they take only the forward reaction rates into consideration. So in the assumption of Eq. (1) or (2) the citronellal cyclization reactions are considered as irreversible.
An alternative method to calculate the selectivities is based on thermodynamic grounds, taking only the thermodynamic product equilibrium ( ) into account. As such the selectivity towards isomer of pulegol becomes:
with c i,E the equilibrium concentration of the -pulegol and the free energy of isopulegol j in the product state. As the product concentration increases, the backward reaction becomes more and more important and the selectivity is expected to be more and more thermodynamically driven. It is not excluded that the experimental selectivity on each catalyst will take a value between the initial selectivity and the product determined selectivity .
Experimental catalyst preparation
ATPH was synthesized as reported in ref. [76] : 240 mg 2,6-diphenylphenol was dissolved in 5 ml of (dry) toluene and flushed with argon at room temperature. Under Ar-atmosphere 150 mg of a 25wt% solution triethylaluminium in toluene was added and the mixture was stirred at room temperature for 30 min.
Cu-BTC was synthesized in the microwave oven using a procedure published by Seo et al. [77] . Two different solutions were made:
(1) 1.764 g Cu(NO 3 ) 2 trihydrate in 24 ml H 2 O (2) 0.840 g BTC in 24 ml EtOH
The two clear solutions were mixed together and placed in the microwave oven. The solution was heated to 140 °C in 10 min and kept at this temperature for 2 hours. After synthesis, the materials were thoroughly washed with a 1:1 ethanol-water mixture and dried at 100 °C.
Figure 3:
The quality and crystallinity of Cu-BTC were verified by powder X-ray diffraction measurements.
Anhydrous ZnBr 2 (98%, Fluka) was used as received.
Experimental determination of the initial selectivity
Experimental initial selectivities were determined at low citronellal conversion (5-15 %) on ATPH, ZnBr 2 , and Cu-BTC. The reactions were carried out at different temperatures and the experimental values were corrected for the thermal reaction using the following equations:
in which X cat is the obtained conversion of citronellal after reaction over the catalyst while X 0 is the conversion obtained with a thermal reaction over the same time. The initial experimental selectivity was computed as follows:
In Eq. 5, is the selectivity towards isopulegol with the catalyst while S i,0 represents the selectivity towards isopulegol ( ) in the thermal reaction.
Reactions using ZnBr 2 and Cu-BTC as a catalyst were carried out without solvent. 1 g of citronellal was added to 0.1 g of catalyst in a glass vial. A Teflon coated stirring bar was added and the glass vials were placed in copper block equipped with a thermocouple. For ATPH, 0.5 g citronellal was added
dropwise to a stirred solution of 0.164 mmol ATPH in 2.5 ml toluene at 298 K. After a short reaction time (between 5-15 minutes), the reaction was stopped by adding 2 ml of a 4% NaOH solution. Before analysis, the reaction mixture was filtered through a 0.2 µm HPLC filter. 1ml of toluene was added to 0.2 ml of the product and analyzed using gas chromatography.
RESULTS AND DISCUSSION
Mechanism of the citronellal cyclization on Lewis acid catalysts
It is commonly accepted that the cyclization of citronellal occurs through a concerted mechanism [44, [78] [79] [80] More details regarding the reaction mechanism of a standard carbonyl-ene reaction [81] are given in Section 1 of the Supplementary Material (SI). Citronellal cyclization has also been investigated on solid Lewis acid catalysts. In the work of Boronat et al. [12, 13] tin atoms were incorporated into the Beta zeolite framework (Sn-Beta) and of a more confined MFI zeolite. They found that the substrate was activated by coordination of the carbonyl group to the Lewis acid Sn centre [12] . The diastereoselective cyclization of citronellal derivatives has also been investigated in a combined experimental-theoretical work by Kikukawa et al. [82] with Lewis acid sites generated in aluminum compounds, more specifically dialuminum-substituted silicotungstate. This compound showed a high catalytic activity for the cyclization and selectivity for the various isopolegol isomers including a very high diastereoselectivity toward 2. A DFT calculation on citronellal cyclization in the gas phase revealed that the reaction proceeds through an asynchronous concerted mechanism [83] . Very recently, we demonstrated by means of a combined theoretical and experimental study that electronic linker modulations of the Zr-terephthalate MOF UiO-66 (UiO-66-X) remarkably increase the catalytic activity for the citronellal cyclization [44] .
In this study a thorough investigation is performed on the cyclization of citronellal on various catalysts to assess their relative selectivity towards (-)-isopulegol and their relative activity. The transition states towards the major isomer, (-)-isopulegol, for the reaction occurring in gas phase and on the Lewis acid catalysts ZnBr 2 , Cu-BTC and ATPH are shown in Figure 4 . All localized transition state geometries confirm the concerted nature of the reaction, during which a nucleophilic attack occurs of the C=C double bond to the carbonyl group forming a new carbon-carbon bond with simultaneous transfer of a hydrogen of one of the methyl groups towards the carbonyl group, yielding a hydroxyl group. Furthermore, the concerted nature of the transition states was confirmed by IRC calculations. In order to obtain reasonable reaction rates, the carbonyl group needs to be activated on a Lewis acid metal center. The various transition states depicted in Figure 4 show clear differences with respect to some critical distances: the degree of elongation of the carbonyl group is largest on the ATPH catalyst (1.39 Å) while it is only slightly elongated for the reaction in the gas phase. In accordance therewith, the length of the forming C-C bond is the shortest on ATPH. Thus for ATPH, the transition state is more product-like while being more reactant-like for the reaction in gas phase. These geometrical observations are very useful in providing preliminary insight into the differences in activity of the various catalysts. On ATPH, the carbonyl bond is activated most strongly, yielding the highest positive charge on the carbon of the carbonyl group and favoring therefore the nucleophilic attack of the C=C bond. We expect therefore strongest adsorption of citronellal and highest activity towards formation of (-)-isopulegol on ATPH, followed by ZnBr 2 and Cu-BTC. In the next section the activity of the various catalysts is discussed on basis of free energy differences, which will support these findings. It is of utmost importance to explore the free energy surface in the region of the transition states
properly to ensure that all important transition states for the determination of the selectivity calculations are taken into account (vide supra). A first explorative transition state search was performed on the Cu 2 (COO) 4 paddle-wheel (Cu-PDWL), which is a metal dimer, forming a four-coordinate square planar vertex [36, 61, 84, 85] . The Cu-PDWL is seemingly easier to treat due to the smaller number of atoms in the metal-dimer, but has proven to be quite ambitious from theoretical point of view to perform a proper transition state search. This is due to the electronic structure of open-shell transition metal cations (Cu 2+ ) and the presence of unpaired electrons on two adjacent Cu 2+ cations, which justifies the usage of multireference wavefunction based methods. Such an approach is especially needed for the study of adsorption processes as was nicely shown in the recent paper of Nachtigall et al. to study the CO adsorption in Cu-BTC [85] . But for the exploration of the potential energy surface in the neighborhood of the transition state, computationally more feasible DFT methods are largely sufficient.
Selectivity predictions will be performed on the whole Cu-BTC material. level of theory (LANL2DZ pseudopotential and basis for Cu). Also indicated are the relative free energy differences (in kJ/mol, at 383K) between the various transition states, referred to the most stable transition state "iso-1-chair".
As the carbonyl oxygen has two free electron pairs, two possible adsorption geometries are possible on the Cu-PDWL, which are labeled with "1" and "2" in Figure 5 . Furthermore, the isopropyl group may be rotated which gives another two transition states labeled with 'rotated isopropyl'. Additionally the forming cyclohexane ring can have various conformations, such as twisted-boat, boat or half-chair.
To investigate the occurrence of transition states with another conformation for the cyclohexane ring,
we located the twisted-boat form as this one is a stable minimum on the potential energy surface (of a cyclohexane ring) in the gas phase. Following this procedure, six transition states were located. For the cyclization towards the other isomers of pulegol a similar investigation was performed and all activated complexes are shown in Figure S .1 of the Supplementary Material (SM). From the relative free energy differences between the various transition states (these are also indicated in Figure 5 ), it is immediately clear that rotated isopropyl and twisted-boat conformers are much higher in free energy (up to 30-60 kJ/mol), and that only chair-like transition states need to be considered in the further activity and selectivity study. On the other hand, it is necessary to take into account two possible adsorption positions for the carbonyl oxygen, as there is only a difference of 3.3 kJ/mol between the iso-1-chair and iso-2-chair transition state. For the study on the other Lewis acid catalysts, we will systematically consider all possible adsorption geometries, but restricted to chair conformations.
Theoretical and experimental investigation of the catalyst activity
Experimentally, the activity of the catalysts was investigated by measuring and comparing the reaction rates on the various catalysts. The reaction rates were measured at two different temperatures: at 298 K for ATPH and ZnBr 2 and 373 K for Cu-BTC. At 373 K deactivation takes place for ZnBr 2 . Table 1 reports the experimental conditions and measured reaction rates corresponding with initial kinetic observations, i.e. at low conversion of citronellal. For each catalyst the number of citronellal molecules converted per mol metal sites per h is given. As the cyclization reaction is first order in citronellal, the concentration of citronellal at any time is given by
with the initial concentration [A] 0 at t = 0. First order rate constants k x can then easily be extracted (see
Figures S.4-S.6 in SM).
A relative order of activity can be established from comparing the relative rates k x obtained for the catalysts at the same temperature. ATPH is the most active catalyst, catalyzing the reaction roughly 4 times faster than when using the same molar amount of ZnBr 2 . Although the experiment has not been done at the same temperature, Cu-BTC turns out to be the slowest catalyst. As Cu-BTC is a heterogeneous catalyst, one could expect that adsorption and desorption effects also play a role. Table 1 While in Cu-BTC not all Cu-sites may participate in the citronellal cyclization, each metal in the homogeneous catalyst ZnBr 2 and ATPH can be regarded as an active site. Next, in order to complement the experiment with advanced theoretical calculations, the free energy profiles of the citronellal cyclization towards (-)-isopulegol were constructed for all catalysts, including the adsorption and desorption steps ( Figure 6, 373 K) . The theoretical results are given in Table 2 , in which also the enthalpy and entropy contributions are listed separately. The same data are also given for 298 K in the S.I. (Table S. 12). The free energy profile is constructed based on the most stable transition state, i.e. the iso-1-chair conformation. The gas phase results are included for the sake of completeness.
In addition to the experimentally tested catalysts, we have additionally taken up a hypothetical, substituted Cu-BTC material in our theoretical test set. It concerns a Cu-BTC material which is functionalized with three electron withdrawing nitro groups on the BTC linkers, as explained in Section 2.1.2. This hypothetical material will further be referred to as Cu-BTC-NO 2 catalyst.
As expected the uncatalyzed reaction has a high free energy barrier of 136 kJ/mol (373 K), which consists of an enthalpy contribution of 106 kJ/mol and entropy contribution of 30 kJ/mol. During a cyclization the entropy typically decreases. When the reaction takes place on a catalyst, the first step is an adsorption. The adsorption mode of the linear citronellal molecule on the metal is significantly different for the various catalysts (cfr. Table 2 ). The strongest adsorption is found on ATPH (-45 kJ/mol), followed by ZnBr 2 (-17 kJ/mol) and for Cu-BTC there is practically no free energy of adsorption (-0.3 kJ/mol). The free energies of adsorption may be decomposed in an enthalpic and entropic contribution. A stronger Lewis acidity of the metal center gives a more negative value for the enthalpy of adsorption. The entropy contribution (-TS) is positive as the molecule looses three translational and three rotational degrees of freedom during adsorption and higher values are expected for catalysts which impose more steric constraints on the adsorbate. Logically, for ZnBr 2 the lowest value of -TS is found as this catalyst imposes nearly no steric constraints on the citronellal molecule.
The largest adsorption enthalpy is found for the hypothetical Cu-BTC-NO 2 material -even larger than for ATPH -and this is mainly due to the stronger Lewis acidity caused by the presence of the electron withdrawing nitro groups. The entropic contribution slightly cancels this tendency, so that in the free energy profile the adsorption remains the strongest on ATPH. This picture is maintained at other temperatures (Table S. 
12).
After adsorption the cyclization can take place, during which the citronellal molecule first assumes a non-linear conformation that is properly aligned to allow ring closure. The intrinsic kinetic data are also taken up in Table 2 . These data refer to the adsorbed state of citronellal. The intrinsic free energy barriers at 373 K vary in a limited range from 72 to 93 kJ/mol with the lowest value for ATPH and the highest value for Cu-BTC (see also Figure 6 ). Depending on the specific catalytic system, this intrinsic free energy barrier is composed of a larger relative enthalpic or entropic contribution. The homogeneous catalysts, i.e. ATPH and ZnBr2 have a larger intrinsic entropic barrier of about 39 kJ/mol. If we now assess the performance of the hypothetical Cu-BTC-NO 2 catalyst, the intrinsic free energy barrier is In this class of reactions (cyclization of citronellal over Lewis acid metal centers) intrinsic kinetics represent a more realistic approach to simulate the experimental conversion reactions of citronellal. The same procedure has been applied for the citronellal cyclization reactions over the UiO-66 and the UiO-66-NO 2 catalysts [44] . Apparent kinetic data give rise to an overestimation.
The experiments conducted here confirmed first order kinetics in citronellal concentration. They report first order rate constants k x (Eq.(6), Table 1 ) for which at least an upper limit can easily be extracted theoretically from the intrinsic rate constants. With the experimental conditions given in Table   1 for the homogeneous catalysts, one readily derives that 0.164 mmol citronellal has been converted to isopulegol after a time period given by 1/k (intr) , leading to a conversion of 0.164/16.2 = 0.01. In the case of ZnBr 2 as catalyst, a theoretical k x value of 9.44 h -1 is found compared with 0.19 h -1 experimentally (at 298 K). We notice a theoretical overestimation of a factor 50. In ATPH theory predicts a k x value of 1224 h -1 compared with 0.8293 h -1 experimentally; this implies a serious overestimation of 1476, which is not really surprising. The theoretical k x value is derived assuming that all available adsorbed citronellal-metal complexes are converted to isopulegol at the same time and immediately followed by a next cyclization process. As long as the adsorbed isopulegol is not replaced by citronellal, a new cyclization process may not take place. Such aspects are not taken into account in the theoretical model
Within this respect a relative comparison between k x values of the various catalysts is more reliable.
Ratios of k x or k (intr) (they turn out to be the same) are shown in Table 3 .
Relating the theoretical intrinsic rate constant k (intr) for Cu-BTC with the measured catalytic activity is even more problematic as only a fraction of the metal sites is catalytically active as discussed before.
Even with a realistic estimate for the effectiveness Y of the catalyst the theoretical prediction of the conversion of citronellelal per unit time and per mol catalyst overestimates considerably the experimental value with a factor 25000  Y, once again demonstrating the inadequacy of the theory to predict absolute values for the observed overall catalytic performance starting from the rate constant of a single reaction.
In Table 3 the relative reaction rates are given for Cu-BTC and the hypothetical Cu-BTC-NO 2 catalyst with respect to the other Lewis catalysts for two temperatures 298 K and 373 K. Unfortunately, experimental information is missing as only data are available for Cu-BTC at 373 K. Nevertheless we may say that the correct qualitative trends are found for the activities of the studied catalysts: Cu-BTC is the least active whereas ATPH gives the highest rates for the citronellal cyclization. For ATPH versus ZnBr 2 theory predicts a rate coefficient in favor of ATPH which is overestimated with a factor of about 129. This is probably due to the various assumptions made in the theoretical model for the description of the transition states due to the extensive number of degrees of freedom arising from the flexibility of the three (2,6-diphenyl)phenoxide ligands (see further). The hypothetical Cu-BTC-NO 2 catalyst performs much better than Cu-BTC, but less than ATPH. 
Theoretical and experimental investigation of the catalyst selectivity
A good catalyst for the citronellal cyclization needs to have both a high activity and a high selectivity towards the major isomer ((-)-isopulegol). As the various studied catalysts are active within different temperature windows, it is important to assess the selectivity as a function of temperature.
Experimentally, the initial selectivities at low conversion (< 15 %) for the citronellal cyclization were determined for ATPH, ZnBr 2 , and Cu-BTC. Further experimental details are given in the Supplementary
Material and Methods section. The experimental results for the selectivity are given in Table 4 at 373 K.
It is immediately clear that the highest selectivities are obtained with ATPH (94.1 % towards the (-) isopulegol isomer), followed by ZnBr 2 (87.5 %) and finally Cu-BTC (67-73 %) . For this heterogeneous catalyst the dependence of the selectivities on temperature shows that the selectivity towards the major isopulegol isomer drops when increasing the temperature (Table 5 ). To rationalize these diastereoselectivities, selectivities were calculated using the Curtin-Hammett principle giving initial selectivities S i,ini . The computational results on the initial selectivities are critically dependent on the construction of a representative set of stereoisomeric transition states.
For all catalysts the most relevant diastereomeric transition states, determining the theoretical selectivities, are given in the Supplementary Material. In the search for these structures all possible adsorption sites for the carbonyl bond have been taken into account. Theoretical values for the diastereoselectivity distributions are also taken up in Table 4 together with the experimental values to allow a straightforward comparison. Additionally the relative free energy differences between the stereoselective transition states are given in Table 6 . The most significant result is found for ATPH, predicting an initial theoretical selectivity at 298 K of 90.6 %. Apart from being the most active catalyst, it also improves the diastereoselectivity towards the desired product as the differences in free energy of activation between the (-)-isopulegol and the other stereoisomers are most pronounced (6.25 kJ/mol (isoiso), 19.39 kJ/mol (neoiso), 37.51 kJ/mol (neoisoiso)). Experimental selectivities are measured at 298 K. The agreement with the theoretical predictions is fairly good (Table   4 ). It is highly remarkable that both theory and experiment predict the isoiso diastereomer as second most abundant product. For the other Lewis acid catalysts ZnBr 2 and Cu-BTC the second most abundant stereomer is neoiso, with free energy differences of about 5 kJ/mol justifying the initial selectivities as indicated in Table 4 . For the heterogeneous catalyst Cu-BTC also periodic calculations have been performed taking into account the full molecular environment around the Lewis acid site. The selectivities using the periodic model are also shown in Table 4 . The periodic calculations don't predict large deviations of the observed selectivities towards (-)-isopulegol with respect to the extended cluster model, but switches the type of second most abundant stereomer. Interestingly the diastereoselectivity seems to decrease less fast in terms of temperature for ATPH than for the other catalysts (see Figure 7 ). This originates from the difference in free energies between the stereoselective transition states, which increases in terms of temperature for ATPH (the values are taken up in Table S .11 of the SM). This effect is mainly due to the variations in entropic barrier. For ATPH, the apparent entropic barrier is the largest (107 kJ/mol as taken up in Table 4 A comparison between the theoretical and experimental diastereoselectivities learns that the overall agreement is fairly well taking into account the small energy differences predicted between the various stereomers ranging between 5 and 10 kJ/mol. The prediction of such data is very sensitive to the used model, such as the level of theory. We calculated the selectivities using various functionals (TPSS, M06-2X, M06-L and B3LYP) and found that the B3LYP functional yielded the closest approximation with experimental results for ZnBr 2 , Cu-BTC and we have therefore retained these results. The differences in free energies between the set of stereoselective transition states at other levels of theory are taken up in Tables S.14 and S.15 of the SM.
For both ATPH and ZnBr 2 the agreement with S i,ini is more than satisfactory and the agreement proves that the observed selectivities are kinetically controlled by the forward reactions. For this catalyst there is no diffusion limitation which could mask the initial selectivities in the measured data (cfr. Table 4 and Figure 7 ).
For Cu-BTC the experimental values do not coincide with the initial selectivities but are much lower.
The activity experiments already pointed out that Cu-BTC is a typical example where diffusion limitations might play an important role. The pore size limitation is also illustrated in Figure 1 For the sake of completeness also the thermodynamically determined selectivities are plotted in Figure 7b for various levels of theory. The results reveal that all catalysts enhance the selectivity towards isopulegol as expected. Some caution is however needed since these selectivity profiles are also quite sensitive to the used theoretical method.
Finally it is interesting to comment on the theoretical predictions for the selectivities of a hypothetical nitro substituted version of the Cu-BTC material. The initial selectivities towards (-)-isopulegol are very high with values larger than 95 %. This catalyst has similarities with the highly selective homogeneous ATPH catalyst. The additional nitro groups, enhance the Lewis acidity of the metal centers, thus making this material more active than the unsubstituted Cu-BTC material and additionally the nitro groups impose additional steric hindrance which favors formation of the desired (-)-isopulegol. Also for this catalyst a high entropy barrier is found as in ATPH (Table S. 6 of SM). However the Cu-BTC framework is not ideally suited for high selectivities towards isopulegol in reality due to pore restrictions, which inhibit fast diffusion of the various products. A realistic catalyst for practical purposes would need larger pores. Modifying the dimensions of the linkers without truly altering the active site, is actively explored within the MOF community [86] [87] [88] [89] , [90] .
CONCLUSIONS
In this paper, we evaluated the performance of various Lewis acid catalysts for the enantioselective cyclization of (+)-citronellal towards (-)-isopulegol.* We have performed a combined experimental and theoretical study to unravel the catalytic mechanisms and characteristics in order to rationalize both the activity of the catalyst and selectivity towards the desired stereomer. Our test set contains the Lewis acid catalysts ZnBr 2 , ATPH and Cu-BTC. ATPH is the most active catalyst, characterized by the highest reaction rates towards (-)-isopulegol and the heterogeneous metal organic framework Cu-BTC turns out to be the least active. The activity is directly related to the strength of the Lewis acid metal centers. A stronger acidity activates the carbonyl bond more strongly, leading to a transition state which is more product-like and a larger positive charge on the carbonyl carbon which favors nucleophilic attack of the carbon-carbon double bond. Experiments on Cu-BTC also reveal that the catalytical conversion is strongly dependent on the size of the catalyst particles due to diffusional restrictions (e.g. due to blocked channels and pores). Small particles of size 1-5 m are in order to get the highest efficiency.
The theoretical selectivity is controlled by the free energy differences between the diastereomeric transition states. ATPH is very selective towards (-)-isopulegol with an experimentally determined selectivity at 298 K of about 94 % and -following theory -a less decrease in selectivity with temperature. ZnBr 2 has a selectivity of 87.5% at 298 K, whereas Cu-BTC turns out to be the least selective. The high selectivity of ATPH may be traced back to a favorable free energy entropic barrier towards the major diastereomer compared with the other isomers. For ZnBr 2 and Cu-BTC the selectivities towards (-)-isopulegol decrease significantly for higher temperatures. Thus ATPH fulfils the requirements for the most ideal catalyst: it shows a high activity at low temperatures and is most selective towards the major isomer. Based on these insights we simulated the selectivities of a hypothetical Cu-BTC material which was additionally functionalized with nitro groups. As such more steric hindrance was introduced which indeed predicts a higher selectivity towards (-)-isopulegol.
Overall the agreement between the theoretically predicted selectivities and experimentally measured values is very good. The theoretical prediction of enantioselectivities is highly ambitious within computational chemistry as it depends on a representative set of stereoselective transition states and the ability of theoretical methods to calculate accurately the free energy differences between the various activated complexes. The combined experimental and theoretical approach followed here is a case study for rational design of asymmetric catalysts as it reveals the major factors contributing to selectivity and activity of the Lewis acid catalyst. 
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Graphical Abstract:
The citronellal cyclization towards pulegol isomers was studied on Lewis acid catalysts. The activity of the catalysts followed the same trend for experiment and theory. Theoretical selectivities towards the various pulegol isomers could also be predicted at initial conditions and compared with experimental selectivities.
